ABSTRACT: Alteration of deep cartilage matrix has been observed following anterior cruciate ligament (ACL) injury, evidenced by elevated MRI UTE-T2 Ã values measured in small, 2-D cartilage regions of interest. This Level I diagnostic study seeks to more thoroughly evaluate deep cartilage matrix changes to medial tibiofemoral UTE-T2
Anterior cruciate ligament (ACL) injury increases risk for development of post-traumatic osteoarthritis (PTOA). [1] [2] [3] This risk is not reduced by ACL reconstruction (ACLR). 4, 5 Recent studies show sub-clinical cartilage damage after acute and repetitive injury can be detected in the deep articular cartilage matrix. 6, 7 Magnetic resonance imaging (MRI) ultrashort echo time T2
Ã (UTE-T2 Ã ) mapping can be used to probe collagen fibril integrity and organization in deep cartilage where short T2 relaxations (<10 ms) are abundant, 8 and UTE-T2 Ã values have been shown to track articular cartilage matrix degeneration as determined by polarized light microscopy. 9 Previous examinations of UTE-T2 Ã in osteoarthritic cartilage and in ACL-injured subjects have revealed that UTE-T2 Ã values in deep articular cartilage are typically elevated with increased cartilage degeneration. 7, 9 A previous longitudinal study of ACL injured subjects showed that UTE-T2
Ã mapping can detect subtle and early signs of articular cartilage deep tissue injury and remodeling. Specifically, in a cohort of ACL injured subjects, those with intact articular cartilage and medial menisci on arthroscopic exam and by conventional morphological MRI, were found to have 56% higher UTE-T2
Ã values prior to surgery in posterior weight-bearing medial femoral regions cartilage than UTE-T2 Ã values observed in uninjured controls. 7 Two years after ACL reconstruction, the initially elevated UTE-T2
Ã values decreased significantly to levels comparable with those of uninjured controls, suggestive of healing, in most but not all ACLR subjects. 7 This data indicates that UTE-T2 Ã mapping can potentially detect disease states and reflect deep tissue matrix changes in early disease that are not well-appreciated by arthroscopy or conventional morphologic MRI. However, that earlier study relied on UTE-T2 Ã values derived from small regions of interest in only a single mid-sagittal MRI slice ("2-D"), reflecting the central and flexion weightbearing regions of the medial femoral condyle.
The goal of the current work is to probe these provocative findings more thoroughly with a Level I diagnostic study 10 
employing a 3-D measure of MRI UTE-T2
Ã maps encompassing more cartilage, in medial tibiofemoral regions of known thinning with osteoarthritis 11 , and in a larger cohort of ACLR subjects. The purpose of this study is to (1) examine the relative utility of a larger but more processing-intensive 3-D assessment of UTE-T2
Ã maps compared to the smaller but less processing-intensive 2-D assessment and (2) examine a 3-D assessment of UTE-T2
Ã maps for evidence of alterations to the medial tibiofemoral subsurface cartilage matrix that has been shown to correlate with mechanical markers of increased medial knee OA risk [12] [13] [14] in human subjects 2 years after ACLR.
METHODS

Study Subjects
This prospective cohort (Level I) study was performed according to Institutional Review Board approved procedures with signed informed consent obtained from all study participants. Fifty-eight human subjects were included: 38 consecutive human subjects with unilateral primary ACLR (20F, age 33 AE 10 yrs, BMI 24 AE 3; 2.2 AE 0.2 years post ACLreconstruction) who underwent 3T MRI inclusive of Cones sequences for 8-point fitting of UTE-T2
Ã maps, and 20 uninjured subjects (9F, age 29 AE 9 yrs, BMI 22 AE 3). ACLR cohort exclusion criteria consisted of any other history of lower limb injury requiring crutches or surgery. ACL graft type, meniscus status and surgical treatment (if any) and other knee pathologies present at the time of surgery were noted from patients' operative reports. Uninjured subjects had no knee pain, no known or suspected knee pathology and no history of knee injury that resulted in swelling, gait abnormality, or surgery.
Imaging Methods
All subjects underwent 3T MRI examination (MR 750, GE Healthcare, Milwaukee, WI) with a transmit-receive 8-channel knee coil (InVivo Inc., Gainesville, FL). MRI sequences included fat saturated proton density FSE acquisitions (PD FSE FS) in three orthogonal planes, a non-fat-suppressed PD FSE in the sagittal plane, and an oblique sagittal 3-D FSE (CUBE) image without fat suppression, Table 1. UTE-T2 Ã maps were generated from a series of 3-D Cones T2
Ã -weighted images acquired at eight TEs (non-uniform spacing) using a radial out 3-D cones acquisition. 16 The Cones sequence samples MRI data starting at the center of k-space and twisting outwards along conical surfaces in 3D while allowing for anisotropic FOV and resolution. 16 The TEs were collected in two serial acquisitions each with four echoes: set 1 TEs ¼ 32ms, 3.6, 7.2, 16.0 ms; set 2 TEs 1, 4.7, 9.0, 12.7 ms. The selection of echo times was optimized to specifically assess deep articular cartilage, the portion of cartilage extending from the bone-cartilage interface through half of the articular thickness. 17 Receiver gain and all other parameters were held constant between the two serial acquisitions. Other 3-D Cones parameters are listed in Table 1 . Scantime for each 3-D Cones acquisition was 5:13 min for a total acquisition time of 10:26 min per knee. The 3-D imaging volume was centered on the tibiofemoral joint with sagittal orientation.
Morphologic MRI Assessment
Articular cartilage of ACLR knees was independently graded by a musculoskeletal radiologist (BD) blinded to the UTE data using a Outerbridge classification system. 18 Briefly, Grade 0 indicated intact cartilage; grade 1, chondral softening or blistering with an intact surface; grade 2, shallow superficial ulceration, fibrillation, or fissuring involving less than 50% of the depth of the articular surface; grade 3, deep ulceration, fibrillation, fissuring, or a chondral flap involving 50% or more of the depth of the articular cartilage without exposure of subchondral bone; and grade 4, full-thickness chondral wear with exposure of subchondral bone. In addition, medial meniscus status was assessed for evidence of tear, fraying, free edge blunting and meniscectomy. 
Ã maps were generated from the 8 3-D Cones echo images with a mono-exponential pixel-by-pixel T2-fit. MRI medial slice selection and region of interest (ROI) segmentation were performed manually, by one individual with 16 years prior segmenting experience (AW). Both 3-D and 2-D cartilage ROI medial tibiofemoral segmentations included only the deep cartilage (extending from the bone-cartilage interface through half of the cartilage thickness). 9, 19 Mean UTE-T2
Ã values for each deep cartilage ROI were recorded for analysis.
Mean 3-D UTE-T2 Ã values were calculated in two ROIs ("tread marks") in weight-bearing deep cartilage of the medial femoral condyle and tibial plateau (MFC, MTP). Each ROI was manually drawn according to a cylindrical coordinate system: 20 The ROIs were 9 mm wide (three slices, medial to lateral), centered on the medial femur at approximately 80% of the distance between outer edge of the lateral compartment to the outer edge of the medial compartment. 
MA). Mean 2-D UTE-T2
Ã values were calculated in three "small" regions of interest from a single slice in the center of the medial condyle: central and posterior medial femoral condyle (cMFC and pMFC), and central medial tibial plateau (cMTP). Full-thickness ROIs were drawn in each study location, then deep cartilage was assessed by further segmenting tissue extending from the subchondral bone to the center of the tissue to encompass the bottom half of the cartilage thickness (Fig. 1b) . A prior examination of quantitation errors associated with this slice selection and cartilage segmentation technique determined that the inter-session precision repeatability for deep mean UTE-T2 Ã values ranged 13-16% and interclass correlation of intra-observer segmentation reproducibility ranged 0.86-0.96. 19 
Statistical Analyses
Normality in all data was assessed by Shapiro-Wilk tests. Differences between ACLR and uninjured UTE-T2 Ã values, assessed by both 2-D "small" and 3-D "tread mark" segmentations, were calculated with 2-tailed t-tests (or Mann Whitney U tests for non-normally distributed data).
Differences between UTE-T2
Ã values or morphologic grades of ACLR subjects with different graft types were assessed with ANOVA tests (or Kruskal Wallis tests for nonnormally distributed data). Differences between UTE-T2 Ã values or morphologic grades of ACLR subjects with and without evidence of meniscal pathology at the time of ACLR reconstruction surgery were assessed with 2-tailed ttests (or Mann Whitney U tests for non-normally distribued data). Pooled variance p values are presented unless the variances were unequal, as assessed via F-tests. To further compare ACLR and uninjured control UTE-T2 Ã values, a medial compartment UTE-T2
Ã index was defined for each subject: 
RESULTS
Among the 38 ACLR subjects examined, 14 had Achilles tendon allografts; 18 had bone-patellar-tendon-bone grafts (10 allografts, 8 autografts); 4 had hamstring autografts (2 of which were augmented with allograft tissue); 1 had autograft quadriceps tendon; and 1 was unreported. At the time of surgery, 20 of the ACLR subjects underwent concurrent meniscal repair or partial menisectomy, of which 5 were medial, 14 lateral, and 1 had both medial and lateral. Three ACLR subjects had partially healed meniscal tears that were treated non-operatively. Also at surgery, 5 of the ACLR subjects demonstrated medial cruciate ligament (MCLs) injuries: 2 strains, 2 tears treated non-operatively. A loose body was removed arthroscopically from one subject. Subject demographics and surgical details are summarized in Table 2 . Morphologic MRI Assessment 2 Years Post ACLR At 2 years post-surgery, ACLR subjects' knee cartilage was found to be morphologically intact in 92% (35/38) of subjects, Figure 2 . In the medial compartment 37% (14/38) of ACLR subjects had intact and normal cartilage (grade 0), and 55% (21/38) subjects showed intact cartilage with some areas of signal brightening (grade 1). Disruption to articular surfaces in the medial compartment (grade 2 partial thickness defect), was noted in only 8% (3/38) of the ACLR subjects.
Likewise, at 2 years post-surgery, 71% (27/38) of ACLR subject's medial menisci appeared intact with no evidence of pathology by morphological MRI. Of the 29% (11/38) ACLR subjects who demonstrated any evidence of medial meniscal pathology, evaluation of morphologic MRI showed five patients with tear to the meniscus body, posterior horn, or root; three patients with fraying of the posterior horn or root; two patients with free edge blunting to the posterior horn; and one patient with a peripheral meniscocapsular junction injury. The medial UTE-T2 Ã index was 14.9 AE 2.4 ms (mean AE standard deviation) for uninjured controls. The average medial UTE-T2
Ã index across all ACLR subjects was 17.8 AE 4.2 ms (mean AE standard deviation) and was 19% higher (p ¼ 0.002, t-test for two samples with unequal variances) than the uninjured control index. 20/38 (53%) ACLR subjects had a medial UTE-T2 Ã index less than or within þ1 standard deviation of the uninjured value ( 17.4 ms). While 47% (18/38) ACLR subjects had mean UTE-T2 Ã indices greater than one standard deviation higher than uninjured controls (>17.4 ms), 37% (14/38) had UTE-T2 Ã indices greater than two standard deviations higher (>19.8 ms) than uninjured controls. Ã values throughout medial femorotibial cartilage, particularly in deep medial femoral cartilage (white arrows).
MRI UTE-T2
Ã 2 YEARS POST-ACLR
UTE-T2 Ã Value and Morphologic MRI Grade at 2 Years versus Meniscus Status at Surgery and ACLR Graft Type No difference in any UTE-T2
Ã metric from any medial cartilage region was detected between ACLR subjects who exhibited evidence of meniscus pathology to either the medial or lateral meniscus at the time of ACL reconstruction surgery (n ¼ 23) and those who did not (n ¼ 15, p > 0.15), Table 2 . No difference in morphological MRI grade at 2 years post ACLR was detected between ACLR subjects who exhibited meniscus pathology at the time of surgery and those who did not (p > 0.05).
No difference in any UTE-T2 Ã metric from any medial cartilage region was detected between ACLR subjects who received an Achilles tendon grafts (n ¼ 14) compared to those who received bone-patellartendon-bone grafts (n ¼ 18) or hamstring grafts (n ¼ 4, p > 0.11), Table 2 . ACLR subjects' morphologic medial cartilage grades at 2 years post-ACLR did vary with graft type (Kruskal Wallis, p ¼ 0.045), with hamstring graft recipients all graded to have no cartilage defects at 2 years post-ACLR (grade 0). However, due to the relatively small number of subjects who received a hamstring graft compared to Achilles tendon or bonepatellar-tendon-bone-grafts, post hoc analyses detected no pairwise morphological grade differences between graft types. When comparing only between recipients of Achilles tendon grafts (n ¼ 14) and recipients of bone-patellar-tendon-bone grafts (n ¼ 18), no difference in any UTE-T2 Ã metric from any medial cartilage region (p > 0.36) nor medial cartilage morphologic grade (p > 0.96) was detected. qMRI values and grades from two subjects were excluded from these analyses: The one subject who received a quadriceps tendon graft and the one subject whose operative report did not specify graft type.
UTE-T2
Ã in ACLR Subjects Without Morphological MRI Evidence of Cartilage Pathology at 2 Years Post ACLR Among ACLR subjects without medial meniscus or medial tibiofemoral cartilage pathology on morphological MRI (MRI Grade 0, "normal", n ¼ 12), UTE-T2 
3-D vs 2-D Segmentation Comparison UTE-T2
Ã values derived from 3-D "tread mark" ROIs correlated to those from 2-D "small" ROIs. In the medial femoral cartilage, 3-D, and 2-D UTE-T2 Ã values were strongly correlated (r ¼ 0.76, p < 0.005, n ¼ 58 ,  Fig. 3a) ; and in the medial tibial cartilage, 3-D and 2-D UTE-T2
Ã values showed a moderate correlation (r ¼ 0.58, p < 0.005, n ¼ 58, Fig. 3b ).
DISCUSSION
Two years after ACL reconstruction surgery, ACLR subjects show qMRI UTE-T2 Ã evidence of changes to the deep articular cartilage matrix structure. Nearly one-half of the ACLR subjects demonstrated higher UTE-T2 Ã values than observed in controls, and 37% demonstrated UTE-T2
Ã values more than two standard deviations greater than uninjured controls. Moreover, among the subset of ACLR subjects with no morphological MRI evidence of medial cartilage or meniscus pathology, UTE-T2 Ã values were also found to be elevated compared to uninjured controls. These findings suggest that UTE-T2
Ã assessment of the central and flexion weight-bearing regions of the MFC has utility for identifying focal pathology in subclinical disease that is not apparent to conventional MRI.
While UTE-T2 Ã values derived from 2-D mid-sagittal single slice ROIs drawn in the center of the weightbearing medial tibiofemoral cartilage correlated to UTE-T2 Ã values derived from 3-D "tread mark" ROIs encompassing a larger degree of weight-bearing cartilage, the correlations were stronger for the femur than for the tibial plateau. Additionally, 3-D assessments detected differences between ACLR and uninjured subjects in the tibial plateau while 2-D single slice assessment did not. These findings point to greater medial-lateral spatial heterogeneity of UTE-T2
Ã values across the tibial plateau compared to the femur. This may be related to the wider medial-lateral contact area experienced by the tibial plateau compared to the femoral condyle during gait. Kinematic changes in the axial plane, which are commonly observed after ACLR, 21, 22 would have a greater effect on the mediallateral cartilage contact location of the tibia compared to the femur due to differences in bone shape. Thus it is likely that deep cartilage degeneration due to altered loading following ACLR would similarly be spread out across a larger region of the medial tibial plateau compared to the medial femur. This explanation is made more plausible by the observation that among the subset of ACLR subjects with no morphological MRI evidence of medial compartment cartilage or meniscus pathology, femoral UTE-T2 Ã elevations were detected only by 2-D ROIs, suggesting a smaller region of the femoral articulating surface is altered in response to post-ACLR loading. Such findings are consistent with typical knee anatomy in that the rounder shape of the femur concentrates transmission of load across a relatively small central area of the condyle whereas the medial-lateral contact location on the relatively flatter tibial plateau varies more widely during gait. Furthermore, a recent study by Chen et al. reported a posterior shift in the centroid position of the medial tibiofemoral contact area and an accompanying trend for a longitudinal enlargement of the contact area on the medial tibia after the first 6 months following ACLR. 23 The authors speculate that such changes apply "abnormal stress" to "vulnerable cartilage regions" on medial tibial cartilage. 23 Compared to an earlier longitudinal study in which initially elevated UTE-T2
Ã values in ACLR subjects resolved over 2 years to control levels in ACLR subjects without concomitant meniscus tears, 7 this cross-sectional study of subjects 2 years after ACLR suggests that elevated UTE-T2
Ã values persist in roughly half of all ACLR subjects including among ACLR subjects without evidence of structural damage to the articular cartilage or menisci by morphological MRI. Recent work by Titchenal et al., 15 examining a subset of ACLR subjects included in the current study, found associations between elevated UTE-T2
Ã and mechanical markers of higher medial knee OA risk. 14 
Specifically, UTE-T2
Ã values in deep medial tibial cartilage correlated to knee adduction moment and mechanical axis with higher medial knee UTE-T2 Ã values seen in knees with varus alignment and greater knee adduction moments. 15 Together these findings suggest that elevated UTE-T2 Ã values at 2 years post-ACLR may be evidence of cartilage at higher risk of OA development due in part to altered loading in the joint. 24, 25 There is increasing evidence of alterations to qMRIdetectable cartilage compositional properties in the first several years following ACLR. 7, [26] [27] [28] [29] [30] Specifically, elevations to cartilage T2 and T1rho values of ACLR subjects 1 and 2 years post-reconstruction surgery compared to healthy controls 27, 28 and elevated cartilage T2 values 3 years after surgery compared to 
MRI UTE-T2
Ã 2 YEARS POST-ACLR patients' uninjured contralateral knees 26 have both been observed. Interestingly, the T1rho and T2 differences reported in these studies were measured in "sub-compartment" ROIs, [26] [27] [28] and were not apparent in larger ROIs derived by averaging the qMRI values across sub-compartments. 28 Moreover, the reported qMRI elevations in these earlier studies were observed in primarily in superficial cartilage. 26, 28 The current work, by contrast, detects significant elevations to deep cartilage UTE-T2 Ã , suggestive of structural degeneration in deep radial cartilage.
A recent effort to characterize the natural variation in T2 values across the knee in older (45-78 years) healthy control subjects detected "significant subregional variations in femorotibial cartilage" within both superficial and deep cartilage layers 31 which the authors attribute to a likely combination of compositional and organizational differences of the cartilage structure across the knee. An appreciation of this underlying inherent regional variation in qMRI parameters, therefore, is necessary to interpret regional differences detected in ACLR injured subjects. Furthermore, recent work has also shown that the presence of morphologic cartilage lesions in any single subregion of the tibiofemoral joint increases the risk of developing new cartilage damage in other subregions in persons at high risk of developing OA. 32 Since ACLR subjects are at increased risk of developing OA, 1-3 detection of focal variations in cartilage structural and compositional integrity may be an early indication of increasing risk for early cartilage degeneration.
This study had several limitations. First, while we showed correlations between 2-D and 3-D UTE-T2 Ã , our ability to characterize possible UTE-T2 Ã changes 2 years after ACLR was limited by relatively small numbers. Second, the 3-D femoral "tread mark" ROIs studied in this work are modeled after those found to be the most responsive to cartilage volume change 11, 20 and radiographic progression 33, 34 in an OA population. While our tread mark ROIs encompass the majority of the central weight-bearing medial tibiofemoral surfaces in the knee previously shown to be most responsive to volume change 20 and radiographic progression, 33, 34 peripheral medial cartilage regions and cartilage to the lateral, patellar, and trochlear compartments was not assessed. Thus, the effects of UTE-T2 Ã variations within these regions to potential joint degeneration were not evaluated. Thirdly, although this study specifically examined deep articular cartilage where short T2 signals dominate, 8 the specific echo times examined may have led to an underestimation of contributions from long T2 signals emanating from these regions, potentially decreasing the sensitivity to differences between subjects.
In conclusion, patients 2 years after ACLR have typically returned to full activities, and are generally asymptomatic or minimally symptomatic. Compared to an earlier study 7 in which some but not all ACLR subjects showed evidence of deep cartilage healing 2 years after surgery, this Level I diagnostic study 10 shows that at 2 years after ACLR, nearly half of all subjects demonstrate medial tibiofemoral deep cartilage UTE-T2 Ã elevations, potentially showing preosteoarthritic matrix changes. Results of this study further suggest that single slice 2-D UTE-T2 Ã mapping may be an efficient means to assess the MFC cartilage as an imaging marker of pre-osteoarthritis while 3-D assessments provide additional sensitivity to changes in the medial tibial plateau.
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